ABSTRACT This paper proposes a novel LQ-based generalized side-information cancellation (GSIC) precoder for multiuser multi-input multi-output (MU-MIMO) downlink systems with sum-rate performance enhancement. The proposed transceiver comprises the following stages. First, a unitary transform matrix designed through the LQ decomposition of the MU-MIMO channel is proposed for suppressing MU interference and obtaining the low-triangular MU-MIMO channel effect for each receiving user. A subchannel matrix with a nontriangular channel causes interference from other users to degrade the reception performance for each user. To overcome this problem, we propose a novel cancellation matrix for suppressing nontriangular MU-MIMO channel and composite noise effects. The proposed LQ-based precoder scheme, which is coupled with unitary transformation and cancellation matrices, can be extended for use with multiple users. The LQ-based GSIC precoder for two users can be realized and extended to three or more users by adopting a cascaded structure. The closed-form solution of the proposed LQ-based GSIC precoder is derived using a constraint-based optimization algorithm. Furthermore, suboptimum solutions show that the performance of the proposed GSIC precoder is almost equal to that of the optimum solutions, and that the precoder also has low complexity. Simulation results show that the proposed LQ-based GSIC precoder outperforms conventional precoders and exhibits reliable and excellent sum-rate performance.
I. INTRODUCTION
Multiuser multi-input multi-output (MU-MIMO) downlink systems can achieve high spectral efficiency in MIMO broadcast channel environments if the precoding schemes for multiple streams and users are appropriately designed. They have recently received much research attention and have been adopted in the LTE-Advanced proposal, for example, in MU-specific beamforming/precoder specifications [1] . In the future, the precoding design of 5G massive MIMO systems is expected to gain considerable attention for improving sumrate performance and suppressing MU interference [2] . For the precoding design, many research papers have published to cancel mutual interferences from multiuser and multiple streams. Sung et al. [3] proposed the minimum mean square error (MMSE) based channel inversion precoder, whereby the MMSE precoder matrix is designed by the MU-MIMO channel and the signal-to-noise power ratio. Next, the block diagonalization (BD) is a popular precoding scheme for multiuser interference (MUI) cancellation. The BD precoder attempts to eliminate the MUI using the null space of MU-MIMO channel state response, but it unavoidably causes the noise enhancement problem due to the null space transformation. The performance of BD precoder is similar to the performance of the conventional zero-forcing (ZF) schemes [4] - [6] , which induced the signal-to-noise power ratio degradation problem. Spencer et al. [7] , studied the generalization of channel inversion, i.e., BD, and the successive optimization techniques for throughput maximization and power control.
Shim et al. [8] proposed a new BD algorithm to account for the presence of other-cell interference. Zu et al. [9] studied the low-complexity BD scheme to overcome the multiuser interference. Tran et al. [10] proposed a new precoder design based on the combination of QR decomposition and the channel inversion for MU-MIMO broadcast systems. Sung et al. [11] studied the linear precoding and decoding schemes to get the degree-of-freedom and cancel the K -user interference. Ali Khan et al. [12] , studied the BD precoder design optimization for the cooperative multi-cell MIMO system to maximize the sum-rate performance. For the sumrate enhancement, many cooperative and iterative precoding schemes [13] - [17] were proposed. Deng and Chen. [13] proposed the cooperative precoder design to enhance the throughput of the overall system. James and Ramamurthi [14] designed the distributed cooperative precoding selection scheme to enhance the sum-rate performance for the cellular systems. Jayasinghe et al. [15] , used an iterative algorithm to identify the global solution of the precoder and decoder for RS and devices. Budhathoki et al. [16] used the iterative source and relay precoders design to maximize the throughput of the CR system. Tran et al. [17] proposed the iterative scheme using QR decomposition to acquire the precoders for interference cancellation. However, the cooperative and iterative precoding schemes involve the advantage of the maximized sum-rate performance, but they may not be practical to implement due to the high computational complexity factor.
In order to suppress the multiuser/multi-stream broadcast interference, to alleviate the noise effect, and to offer high capacity performance, we proposed a generalized sideinformation cancellation (GSIC)-based precoder [18] , [19] for MU-MIMO downlink systems; this precoder has low complexity and high sum-rate performance. To extend our previous work, we propose a novel LQ-based GSIC precoder for MU-MIMO downlink systems in order to overcome MU interference, alleviate the noise effect, and improve the sumrate performance of such systems. In this system, information on the MIMO channel is available at the transmitter. The overall transceiver is designed according to the following steps. First, a unitary transformation matrix derived through LQ decomposition of the MIMO channel matrix is used to suppress MU interference and obtain the low-triangular channel matrix effect for each receiving user. Because of this new channel effect, the nontriangular channel matrix causes interference from other users. To overcome the nontriangular channel effect, we propose a novel GSIC cancellation matrix that cancels the nontriangular channel effect of other users. Moreover, the proposed matrix is coupled with the unitary transform matrix to achieve the low-triangular channel matrix effect for each receiving user and to prevent MU interference. In the proposed method, a minimization algorithm is utilized to suppress interference and noise and to restrict the fixed transmit power. The optimal precoder can be used for two users or three or more users, thereby ensuring maximum sum-rate performance. Simulation results indicate that the proposed LQ-based precoder outperforms the conventional zero-forcing (ZF), BD, MMSE, and GSIC schemes.
To the best of our knowledge, no previous study has considered an LQ-based GSIC precoder design for MU-MIMO downlink systems over MIMO broadcast fading channels. The main contributions of this paper can be summarized as follows: 1) We propose an LQ-based GSIC scheme for MU-MIMO precoding design, which involves utilizing the novel side-information cancellation capability to suppress the nontriangular MIMO channel effect and assist each receiving user through using the low-triangular channel effect. The proposed scheme can offer a high channel diversity gain to enhance the sum-rate performance.
2) The proposed LQ-based GSIC can be easily extended for more users. The cancellation matrix is used to suppress the nontriangular MU-MIMO channel and composite noise effects.
3) The LQ-based GSIC precoder for two users can be realized and extended to more users by adopting a cascaded structure. The closed-form solution of the proposed LQ-based GSIC precoder is derived using the constraint-based optimization algorithm. The suboptimum solutions show that the precoder performance is almost equal to the optimum solutions and that it has low complexity.
The remainder of this paper is organized as follows. Section II presents the MU-MIMO downlink system model. Section III details the design of the algorithm for the proposed LQ-based GSIC precoder for two users, and Section IV extends the design to three or more users. Section V presents the simulation results for the proposed and conventional precoders. Finally, the conclusions of this study are offered in Section VI.
The following conventions are used throughout the paper. Uppercase and lowercase boldface letters represent matrices and vectors, respectively. For any general matrix A, the symbols A T and A H represent the transpose and conjugate transpose, respectively. Tr (·) denotes the trace, E (·) denotes the expectation, ||s|| 2 is the vector norm for a vector s, and
II. MU-MIMO DOWNLINK SIGNAL MODEL
Consider a MU-MIMO downlink system over a MIMO broadcast fading channel. The overall schematic of the proposed MU-MIMO transceiver is shown in Fig. 1 . The base station (BS) is equipped with N T transmit antennas, and user k has N k receive antennas. The term H k denotes the channel matrix between the BS and user k, s k represents the transmitted symbol vector with M k streams for user k, all streams s k of all users are assumed to be independently generated with zero mean and unit variance, P k is the corresponding precoding matrix, and w k denotes the additive white Gaussian noise vector with an identically independent distribution (i.i.d.) and zero-mean properties. Therefore, the received signal of the kth user is given by [20] 
In this section, we propose an LQ-based GSIC precoder that exhibits superior performance in cancelling MU interference. To extend our previous work [19] , we factorize the channel matrix H by LQ decomposition, as follows:
where L is a lower triangular matrix and Q is a unitary matrix. For the case with two users, the channel matrix H can be rewritten as
where L 11 and L 22 are triangular matrices, L 21 is a fullrank matrix, and Q 1 and Q 2 are orthogonal unitary matrices. Substituting (4) into (1) gives (6) , as shown at the bottom of this page. The following sections detail the design of the LQ-based GSIC precoder for two users (Section III) and for three or more users (Section IV).
III. CASE FOR TWO USERS
Section II discusses the MU-MIMO transceiver model (2) in the presence of MU and multistream interference, which degrades transceiver performance. To overcome this interference and extend our previous work, we developed an LQ-based GSIC precoder with effective MU and multistream interference suppression through the following procedures. First, a new precoder design is proposed to fully utilize the GSIC design in Section III-A to minimize the residual MU interference and noise. The multistream interference of each user is also suppressed using the successive interference cancellation (SIC) and maximal-ratio combining (MRC) methods presented in this section. Next, the composite precoding matrix and postprocessing matrix are summarized in Section III-B. Finally, in Section III-C, the output signalto-interference-plus-noise ratio (SINR) and sum-rate are calculated.
A. LQ-BASED GSIC PRECODER DESIGN
Figs. 2 and 3 show block diagrams of the proposed LQ-based GSIC precoder for two users. The precoding design for each
user is given by User 1:
Because Q 1 and Q 2 are orthogonal matrices,
The received signal with precoding can be expressed by
where y 2 contains the interference and noise effects. Next, the design of the cancellation matrix Z 1 for the precoder to suppress the interference under the total transmit power constraint is described. The two-user precoding matrix with the transmit power constraint can be re-expressed as
where β is a scaling factor for conserving the total transmit power. Furthermore, the received signals y 1 and y 2 after power normalization can be rewritten as
where the factor 1/β is applied to normalize the received power. The cost function for minimizing the total residual interference and noise is defined as
subject to E P 1 s 1
Substituting (12) into (15), we obtain
where (16) is substituted into (14) and (15) to obtain the unconstrained optimization problem, as follows:
where E w 1 2 = σ 2 w I N 1 . To minimize the total interference and noise, Z 1 is calculated by differentiating (17) with respect to Z 1 , and the results of each term are respectively given by
In (18.b), the results are zero because of i.i.d. and zeromean noise w k in b. By using (18.a)-(18.d) and equating the differential result to zero, we can obtain the optimal Z 1 , as follows:
B. POSTPROCESSING DESIGN AT MOBILE RECEIVERS
At this stage, P 1 and P 2 are calculated to suppress the interference and noise for Users 1 and 2. After preprocessing, the received signal for Users 1 and 2 can be acquired by
Thew 2 is minimized by Z 1 , which can be assumed as composite noise. Furthermore, because L 11 and L 22 are triangular matrices,ŝ 1 andŝ 2 can be estimated using the SIC algorithm in (20.a) and (20.b). Consequently, the estimated signalŝ k,i of the ith stream of user k can be computed using the SIC and MRC methods; that is,
where the no-decision feedback error is assumed, L k,i is the ith column vector of the kth user, andw k,i is the ith element of the composite noise vectorw k . VOLUME 5, 2017
C. CALCULATION OF THE OUTPUT SINR AND SUM-RATE PERFORMANCE
According to (21), the SINR of the ith stream signal of the kth user can be computed as
where σ 2
is the composite noise variance ofw k,i and each stream s k,i involves the signal power being unit variance. Thus, the sum-rate of the proposed precoder is obtained by
IV. CASE FOR THREE OR MORE USERS
In this section, the MU-MIMO transceiver model is extended from two users to three or more users. The extended model is elaborated on in Section IV-A, and the LQ-based GSIC precoder design with the suboptimum solution for three users is presented in Section IV-B. In Section IV-C, the optimal solution for the cancellation matrices is derived, and we also discuss the performance of the optimum and suboptimum solutions. The composite precoding matrix and postprocessing matrix are then summarized in Section IV-D, and finally, the output SINR and sum-rate are calculated in Section IV-E.
A. EXTENDED SIGNAL MODEL FOR THREE USERS WITH LQ DECOMPOSITION STRUCTURE
In this section, we extend the LQ-based GSIC precoder to three users. Similar to (4) and (5), the channel matrix H and the orthogonal matrix Q can be given by
where L 11 , L 22 , and L 33 are triangular matrices; L 21 , L 31 , and L 32 are full-rank matrices; Q 1 , Q 2 , and Q 3 are orthogonal unitary matrices. Similar to (6), the received data matrix can be represented by where
(27.c)
B. LQ-BASED GSIC PRECODER DESIGN WITH SUBOPTIMUM SOLUTION
Figs. 4-6 show block diagrams of the LQ-based GSIC precoder for three users. The precoding design for each user is given by User 1:
User 3:
Because Q i and Q j are orthogonal matrices,
After precoding, the received signal with precoding can be expressed as
Next, similar to the case of two users, we designed the cancellation matrices Z 1 , Z 2 , and Z 3 for the precoder to suppress the interference and limit the total transmit power. Thus, the three-user precoding matrices with the transmit power constraint can be expressed as
(32.a)
where β is a scaling factor for constraining the total transmit power. Similarly, for the receiver-side with normalization, the received signal can be rewritten as (33.a-33.c), as shown at the bottom of this page, whereL 31 = L 31 − L 32 Z 1 . The factor 1/β is applied to normalize the received power. The cost function for minimizing the total interference and noise is given by
Substituting (32.a)-(32.c) into (34b) gives (35)- (36), as shown at the bottom of the next page, where tr Q H k Q k = N k ; and tr Q H k Q j = 0, when k = j. Next, (36), is substituted into (34.a) to obtain the unconstrained optimization problem, as (37), as shown at the bottom of the next page, where E w 2 1 = σ 2 w I N 1 . To minimize the total interference and noise, Z i is calculated by differentiating (37) with respect to Z i for i = 1, 2, and 3. In (37), the three terms are the positive square norm values. Thus, the two equations can be separated to acquire the minimization solution. Note that the separated minimization technique of separation can be referred to as the suboptimum method. In the next Section IV-C, we will propose the joint optimum method to acquire the minimization solution. Therefore, for the separation method, the first minimization equation can be expressed as (38), as shown at the bottom of the next page.
Comparing (37) and (38), we observe that (37) is the partial minimization of (38). The minimization solution of Z 1 for (38) can be obtained using the similar procedure as 
for (16)- (19) . Thus, the optimal Z 1 can be obtained by
After Z 1 has been calculated,L 31 can be obtained; that is, L 31 = L 31 − L 32 Z 1 . Therefore, the second minimization equation can be expressed as (40), as shown at the bottom of this page. The optimal cancellation matrices Z 2 and Z 3 can be obtained by differentiating (39) with respect to Z 2 and Z 3 ; this is achieved by a derivation procedure similar to that for (16)- (19) . Thus, the optimal Z 2 and Z 3 solutions can be calculated by
After Z 1 , Z 2 , and Z 3 have been calculated, the normalization factor β in (36) can be obtained. Then, the precoding matrices in (36) can be derived to minimize the interference and noise with the transmit power constraint.
C. OPTIMUM SOLUTION FOR THE CANCELLATION MATRIX Z i
In Section IV-B, the unconstrained cost function is derived using (37), which conserves the transmit power constraint. For suboptimum solutions, the cancellation matrices are calculated by differentiating (37) with respect to Z 1 , Z 2 , and Z 3 , which are given in (39), (41), and (42), respectively. For the suboptimum cost function, (38) and (39) are separated to obtain a simple derivation of Z i . Another advantage is that the separated cost fraction derivation procedure can be extended for use with more than three users. However, in this section, we present the optimum solution Z i for the cost function in (37). First, in (37), Z 3 is independent of Z 1 and Z 2 . Thus, Z 3 can be differentiated with respect to the cost function in (37) and Z 3 can be obtained as optimum solution; that is,
20584 VOLUME 5, 2017 Next, the optimal solutions Z 1 and Z 2 can be derived by differentiating (37) with respect to Z 1 and Z 2 ; that is,
We can thus obtain the solution Z 2 including Z 1 . Then, Z 2 in (45) can be substituted into (44). The optimum solution Z 1 can be derived using
where K 3 and K 4 are composite equations; that is,
and
The detailed derivation of (46) is given in the Appendix. After the optimum solution Z 1 is obtained, the optimum solution Z 2 can be obtained by substituting Z 1 into (45).
D. POSTPROCESSING DESIGN AT MOBILE RECEIVERS
Section IV-B describes the design of the precoding matrices P 1 , P 2 , and P 3 for suppressing interference and noise at users 1, 2, 3, respectively. After preprocessing, the received signal for users 1, 2, and 3 can be expressed as
(51.c) wherẽ
The termsw 1 ,w 2 , andw 3 are minimized by Z 1 , Z 2 , and Z 3 , which can be attributed to the composite noise. Next, similar to the case of two users,ŝ 1 ,ŝ 2 , andŝ 3 can be estimated using the SIC algorithm. The final reconstructed signals k,i of the ith stream of user k can be obtained using the SIC and MRC method; that is,
where the no decision feedback error is assumed, L k,i is the ith column of the matrix L k , andw k,i is the ith element of the composite noise vectorw k .
E. OUTPUT SINR AND SUM-RATE PERFORMANCE
The output SINR and sum-rate can be obtained using (53). Thus, the output SINR for three users can be expressed as
is the composite noise variance ofw k,i . The sumrate of the proposed precoder can be obtained using
Finally, on the basis of the design procedures for the cases of two users (Section III) and three or more users (Section IV), the design of the precoding matrices can be extended to four or more users. Note that the suboptimum solution of the LQ-based precoder of 4 users is given in Appendix B. Moreover, we can overcome MU interference and obtain the optimal SINR and capacity performance.
V. COMPUTER SIMULATION
This section presents the simulation results to confirm the performance of the proposed LQ-based GSIC precoder in MU-MIMO downlink systems. Next, the design of the proposed precoder scheme is modified to cancel the mutual interference transmitted between K users. For mobile user reception, the effective triangular channel response of each user is retained to avoid the interference from the other users. Thus, the proposed precoder can enhance the sumrate performance and outperform conventional systems. For a performance comparison, the following precoding schemes are used: a conventional BD, the proposed GSIC [19] , the proposed LQ-based ZF (LQ-ZF), the proposed LQ-based MMSE (LQ-MMSE), and the proposed LQ-based GSIC (LQ-GSIC) cancellation. The proposed LQ-ZF and LQ-MMSE precoder schemes are similar to the precoder matrices in (7) and (8) but with different cancellation matrices Z 1 for the case of two users; that is,
, for MMSE (57) VOLUME 5, 2017 For all users, the number of the receiving antennas and the data streams are N k = 2 and M k = 2, k = 1, 2, · · · , K , respectively. The MU-MIMO downlink channel is adopted through Rayleigh fading, in which the channel gain is assumed to be constant for each packet and the channel fading is independent for each packet. The fading gains are i.i.d. complex Gaussian random variables with a zero mean and unit variance. Furthermore, unless otherwise mentioned, the following standard parameters were used for the simulations: K = 2, {N k , M k } = {2, 2}, and N T = 4. Finally, a total of 10,000 Monte Carlo trials for each simulation were conducted to obtain the average output SINR and sum-rate results.
In the first set of simulations, the sum-rate performance of the proposed LQ-based GSIC precoder was evaluated for comparison with that of the conventional precoder for different input SNR values. Fig. 7 shows that the proposed LQ-based GSIC precoder outperformed the conventional BD and GSIC methods. This is because of the triangular matrices for each reception required to obtain more diversity gain and overcome other interferences.
In the second set of simulations, the sum-rate performance was evaluated as a function of the different SNRs for the proposed LQ-based precoder with different cancellation matrices; that is, Z k . As shown in Fig. 8 , the proposed GSIC precoder with LQ cancellation matrix attained the best sumrate performance because of its ability to successfully cancel the MU downlink interference, minimize the composite noise effect, and obtain greater channel diversity gain for each other.
In the third set of simulations, the proposed LQ-based GSIC precoder was simulated with different values for K users in order to demonstrate the sum-rate performance. The optimum solutions ranged from (19) (two-user case) and from (43) to (45) (three-user case). In this simulation, the parameters of the kth user were set as {N k , M k } = {2, 2} and the BS antennas with N T = K · N k . As shown in Fig. 9 , the proposed LQ-based GSIC precoder offers high reliability and sum-rate performance when extended to more users. This demonstrates the ability of the proposed scheme to successfully cancel interference from other users.
In the fourth set of simulations, the sum-rate performance of the proposed LQ-based GSIC precoder was evaluated under the optimum and suboptimum solutions. In this simulation, the parameters of the kth user were set as {N k , M k } = {2, 2} and the BS antennas with N T = K · N k . As shown in Fig. 10 , the optimum and suboptimum solutions attained similar performance levels. Thus, we can select the cancellation matrices that are less complex. Because the cancellation matrix Z i determines the optimum or suboptimum solution, we can compare the suboptimum solutions from (39) to (32) and the optimum solutions from (43) to (45). Finally, we observed intuitively that the suboptimum solutions have low 20586 VOLUME 5, 2017 FIGURE 10. Sum-rate comparison of the proposed LQ-based GSIC precoder with optimum and suboptimum solutions. complexity. The simulation results show that the suboptimum solutions are a more favorable choice for practical applications.
In the fifth set of simulations, the sum-rate performance was evaluated as a function of the different SNRs for the proposed LQ-based suboptimum precoder design with the different users. In this simulation, the parameters are similar to the fourth simulation with K = 3, 4, and 5 users. As shown in Fig. 11 , the proposed suboptimum precoder provides the high sum-rate performance as the users increase. It confirms that the proposed suboptimum solutions involve the low complexity advantage and can successfully cancel interference from other users.
In the sixth set of simulations, the sum-rate performance of the proposed LQ-based GSIC precoder was evaluated under different streams for the case of two users. For a comparison, the proposed precoder method was considered at the transmitter with M k = 2, 3, 4, 5 and 6 streams in the case for two users. In this simulation, the parameters of the kth user were set as the user antennas with N k = M k and the BS antennas with N T = K · N k . As shown in Fig. 12 , when the number of streams was increased, the sumrate performance of the proposed precoder improved because the effective MIMO channels provided higher diversity gain.
VI. CONCLUSION
The present study proposes a novel LQ-based GSIC precoder for MU-MIMO downlink systems with improved sumrate performance to overcome MU interference and the noise effect. The unitary transform matrix was adopted in the precoder design for a new composite MIMO channel with the triangular channel effect. After transformation preprocessing, the nontriangular channel matrix causes MU interference for each receiving user. To suppress this interference, a cancellation matrix with the transmit power constraint was proposed for combination with a unitary transform matrix. The proposed LQ-based GSIC precoder scheme can be extended for use with more users. The LQ-based GSIC precoder for two users can be realized and extended to more users by using a cascade structure. The closed-form solution of the proposed LQ-based GSIC precoder was derived using the constraint-based optimization algorithm. The simulation results show that the sum-rate performance is almost equal for both the optimum and suboptimum solutions. By comparing the derived equations, we observe that the suboptimum solutions have lower complexity, thus rendering them more suitable for practical application. The simulation results further confirm that the proposed LQ-based GSIC precoders outperform conventional BD and GSIC precoders used in MU-MIMO downlink systems.
APPENDIX A DETAILED DERIVATION OF (46)
First, Z 2 in (45) can be substituted into (44). Then, Z 1 can be obtained as (58), as shown at the top of the next page, where VOLUME 5, 2017
K 1 and K 2 are defined by (49) and (50). Then, we obtain
where K 3 and K 4 are defined by (47) and (48).
APPENDIX B SUBOPTIMUM SOLUTIONS OF LQ-BASED GSIC PRECODERS FOR 4 USERS
The suboptimum solutions of the cancellation matrices Z i , i = 1, 2, · · · , 6: 
